When intact pea (Pisumn sativunt L.) plants are illuminated, the glycolytic enzyme phosphofructokinase is inactivated. In crude extracts the enzyme is inhibited by dithiothreitol. It would seem that this cytoplasmic enzyme, like glucose-6-P dehydrogenase, is light-inactivated when the enzymes of photosynthetic carbon metabolism are light-activated.
(4 X 104 ergs/cm2 sec) from two General Electric 30-w, 115-v reflector flood lamps 18 cm distant for 30 min (light-treated) after dark treatment. After light or dark treatment, the entire shoot was ground with a chilled mortar and pestle in 100 mM tris HCl, pH 7.4, in absolute darkness or under flood lamps, as per treatment. The resultant extract was centrifuged 15 min at 30,000g, and the supernatant solution was used in the experiments described below. Preparation of extracts of 1Research was supported by National Science Foundation Grant GB 28160-Al.
etiolated seedlings was the same as for dark-treated green pea plants.
Dithiothreitol-treated extracts were made 50 mm with respect to dithiothreitol and allowed to stand on ice for at least 1 hr before enzyme activity was assayed.
Enzyme Assays. Phosphofructokinase was assayed spectrophotometrically using a Gilford 2400 recording spectrophotometer by the method of Ling et al. (18) KCI, 5 ,umoles of glutathione, 0.3 unit of aldolase, 3 units of aglycerol-P dehydrogenase, and 26 units of triose-P isomerase and extract in a total volume of 1 ml. Controls were run (a) without fructose-6-P, and (b) without ATP. P-fructokinase activity reported here is measured activity less activity in control with higher activity. For dark-treated extracts, control activity was usually about one-third the level of P-fructokinase activity.
Gel Electrophoresis Experiments. Extract (about 100 ,ug of protein) was made 4% in sucrose, 0.005% in bromphenol blue and layered directly into 7.5% acrylamide gels. Buffer and gels were prepared, and electrophoresis was conducted, as described previously (5) .
P-fructokinase activity on the gels was detected by the method of Scopes (21) . After electrophoresis the gels were immediately immersed in 2 ml of a solution containing 8 ,umoles of fructose-6-P, 5 ,moles of ATP, 1 /umole of DPN, 5 umoles of Na3AsO4, 50 ,umoles of tris HCl, pH 7.8, 5 ptmoles of MgCl2, 0.06 mg of nitroblue tetrazolium, 0.01 mg of phenazine methosulfate, 0.3 unit of aldolase, 60 units of triose-P isomerase, and 1 unit of glyceraldehyde-3-P dehydrogenase. After 30 to 45 min, the reaction on gels run with extract from dark-treated seedlings was stopped by placing them in 1.25 M acetic acid, whereas with gels run with extract from lighttreated seedlings, the reaction was stopped after 5 hr. Gels were scanned at 540 nm with 0.5 absorbance unit chart expansion, 0.5 min/2.54 cm chart speed, using a Gilford 2400 recording spectrophotometer equipped with a linear transport attachment. The area associated with each peak was measured with a Gelman Planimeter.
Hedrick-Smith analysis (11) was done as described in reference 5.
Protein Concentration. Protein concentration was estimated by biuret method (4).
RESULTS AND DISCUSSION
Light treatment inactivates P-fructokinase in intact pea seedlings (Table I) . Treatment with the strong reducing agent dithiothreitol inactivates the enzyme in crude extracts (Table  II) . Rabbit muscle P-fructokinase (purchased from Sigma (Table III) . Apparently both forms are inactivated by light treatment. In contrast the slower moving form of TPN-linked glyceraldehyde-3-P dehydrogenase is converted to the faster moving form when this plant is irradiated (5) . When extracts of etiolated seedlings were subjected to electrophoresis on 7.5% acrylamide gels the major activity band had relative mobility 0.14. Two other faint bands, relative mobility 0.21 and 0.25, were usually found (Fig. 2 ).
Glu-6-P 6-P-gluconate Glu-6P Glu-6P Abbreviations: Glu-6-P: glucose-6-P; F6P: fructose-6-P; FDP:
fructose-1, 6-diP; Ru5P: ribulose-5-P; RuDP: ribulose-1, 5-diP; PGA: 3-P-glycerate; 1, 3-diPGA: 1, 3-diP-glycerate; G3P: glyceraldehyde-3-P; DHAP: dihydoxyacetone-P; XuSP: xylulose-5-P; SuDP: sedoheptulose-1,7-diP; Su7P: sedoheptulose-7-P; R5P: ribose-5-P. Reactions on left are cytoplasmic; on right, chloroplastic.
Chemical Co.) is also inactivated by treatment with 50 mM dithiothreitol (data not shown). Light and dithiothreitol treatment have previously been shown to inactivate glucose-6-P dehydrogenase in pea seedlings (6) and in spinach (17) , and to activate a number of the enzymes of photosynthetic carbon metabolism (3, 5, 8, 10, 12, 15, 23) (Fig. 1) . Our results suggest that inactivation of P-fructokinase by light is a reductive process, possibly linked by some common reductant to the inactivation of glucose-6-P dehydrogenase and to the activation of several of the chloroplastic reductive pentose phosphate pathway enzymes.
Two bands of P-fructokinase activity, relative mobilities 0.14 and 0.25, were found when extracts of light-or dark-treated seedlings were subjected to electrophoresis on 7.5% acrylamide gels (Fig. 2) 
PHOSPHOFRUCTOKINASE INACTIVATION
Analysis by the method of Hedrick and Smith (11) on gels of different porosity indicates that in light-grown plants the two forms of P-fructokinase differ in net charge rather than in molecular size (Fig. 3) . In contrast, several interconvertable oligomeric forms have been reported for the mammalian enzyme (for a review see ref. 19 ).
Both forms of P-fructokinase were detected on gels after electrophoresis of crude cytoplasmic extracts. Neither form was detected when chloroplastic extracts were subjected to electrophoresis. Clearly both forms of P-fructokinase are cytoplasmic.
To our knowledge, P-fructokinase activity has not been detected in chloroplasts; we were unable to detect activity in extracts of pea leaf chloroplasts. Latzko and Gibbs (16) have reported that P-fructokinase is absent from spinach chloroplasts. Although in light the major export carbohydrates from the chloroplast are triose phosphates and fructose-1,6-diP (7), in the absence of some mechanism for the phosphorylation of fructose-6-P it seems unlikely that these sugars can be transported out of the chloroplast in the dark.
Previous experiments in this laboratory have shown that glucose-6-P dehydrogenase in extracts of etiolated pea seedlings is inactivated by dithiothreitol treatment, and that ribulose-5-P kinase, TPN-linked malic dehydrogenase, and DPN-and TPN-linked glyceraldehyde-3-P dehydrogenase are activated (1) . In extracts of dark-grown seedlings, Pfructokinase is inactivated by dithiothreitol treatment (Table  II) . Apparently P-fructokinase can be inactivated by strong reducing agents even in the absence of a functional photochemical apparatus.
Because pyruvic kinase is also an important regulatory enzyme in glycolysis, the effect of dithiothreitol on the activity of this enzyme was tested during the course of these experiments. No effect was found with 50 mm concentrations of the reducing agent.
The activity of mammalian P-fructokinase is under energy charge control (22) . Like P-ribulose kinase, which in procaryotic autotrophs is under energy charge control but in green plants is light-activated (2), P-fructokinase in higher plants seems to be controlled directly by a light-mediated reductive process rather than indirectly by light-mediated changes in energy charge.
Light apparently regulates glycolysis and the oxidative pentose phosphate pathway, as well as photosynthetic carbon metabolism in the pea plant. Inactivation of P-fructokinase will not eliminate the operation of the Embden-Meyerhof pathway in the direction of glycolysis in the illuminated green leaf because triose phosphates are formed and excreted rapidly from the chloroplast. Control of the steady state direc- tion of the pathway must exist at some other point, possibly at the level of P-glycerate kinase, which is under energy charge control (20) . Simultaneous inactivation of P-fructokinase and glucose-6-P dehydrogenase by light will act to prevent the breakdown of hexose-phosphates, and hence, of storage carbohydrates during photosynthesis.
